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Summary
E2F transcription factors are generally believed to be
positive regulators of apoptosis. In this study, we
show that dE2F1 and dDP are important for the nor-
mal pattern of DNA damage-induced apoptosis in
Drosophila wing discs. Unexpectedly, the role that
E2F plays varies depending on the position of the
cells within the disc. In irradiated wild-type discs, in-
tervein cells show a high level of DNA damage-induced
apoptosis, while cells within the D/V boundary are
protected. In irradiated discs lacking E2F regulation,
intervein cells are largely protected, but apoptotic cells
are found at the D/V boundary. The protective effect
of E2F at the D/V boundary is due to a spatially re-
stricted role in the repression of hid. These loss-of-
function experiments demonstrate that E2F cannot be
classified simply as a pro- or antiapoptotic factor. In-
stead, the overall role of E2F in the damage response
varies greatly and depends on the cellular context.
Introduction
The E2F transcription factor is best known for its ability
to control the G1-to-S phase (G1/S) transition. E2F-reg-
ulated genes include cell cycle regulators, such as
Cyclin E and Cdc25a, and genes that encode essential
components of the DNA replication machinery, such as
the MCMs and DNA polymerase-a. At these targets,
E2F proteins couple gene expression to cell cycle posi-
tion by recruiting repressor complexes in G0 or G1
phase of the cell cycle, and by activating transcription
as cells progress from G1 into S phase. In agreement
with the idea that E2F is an important regulator of cell
proliferation, studies in several experimental systems
have shown that the ectopic expression of E2F genes
is sufficient to drive quiescent cells into S phase, while
the inhibition of E2F-dependent transcription blocks*Correspondence: dyson@helix.mgh.harvard.educell proliferation (reviewed in Dyson, 1998; Muller and
Helin, 2000).
Recent genomic studies have found that the function
of the E2F transcriptional program extends further than
the G1/S transition. Chromatin immunoprecipitation
(ChIP) experiments show that E2F proteins bind to the
promoters of genes with a diverse assortment of func-
tions (Ren et al., 2002; Dimova et al., 2003; Cam et al.,
2004). Expression profiling studies indicate that E2F
proteins control the expression of a broad spectrum of
genes (Ishida et al., 2001; Muller et al., 2001; Dimova et
al., 2003). Hence, E2F-dependent transcription is likely
to impact many aspects of cellular function.
Currently the best-characterized activity of E2F, in
addition to its traditional role in cell cycle progression,
is its ability to induce apoptosis (reviewed in Phillips
and Vousden, 2001; Evan and Vousden, 2001; Sears
and Nevins, 2002; Bracken et al., 2004). Overexpressed
E2F proteins activate the transcription of a large num-
ber of proapoptotic genes, including, for example, Cas-
pase-3, -7, p19Arf, p73, and Apaf1 (Irwin et al., 2000,
Stiewe and Putzer, 2000; Lissy et al., 2000; Moroni et
al., 2001; Muller et al., 2001; Nahle et al., 2002; Aslanian
et al., 2004; Hershko and Ginsberg, 2004). Since normal
cells proliferate without suffering E2F-induced apopto-
sis, the proapoptotic potential of E2F is evidently held
in check during development. How the switch between
these activities is controlled is not well understood. Cell
survival signals have been proposed to allow E2F-
driven cell proliferation by suppressing E2F-induced
apoptosis (Hallstrom and Nevins, 2003; Chaussepied
and Ginsberg, 2004). In addition, DNA damage signals
have been suggested to specifically activate E2F1-
dependent transcription of proapoptotic genes. ATM/
ATR, CHK2, and P/CAF modify E2F1 after DNA damage
(Lin et al., 2001; Pediconi et al., 2003; Stevens et al.,
2003; Ianari et al., 2004). These changes stabilize E2F1,
increase its ability to activate transcription, and allow it
to preferentially bind to the promoters of some proapo-
ptotic genes.
While “activator” E2Fs (mammalian E2F1, E2F2,
E2F3; Drosophila dE2F1) potently induce apoptosis
when overexpressed, little is known about the normal
roles of the endogenous E2F proteins in this process.
DNA damage-induced apoptosis is reduced and de-
layed in thymocytes derived from E2f1−/− mice, sug-
gesting that E2F1 has an important role in this cell type
(Lin et al., 2001). Mutation of E2f1 or E2f3 reduces apo-
ptosis in the central nervous system of Rb−/− mice (Tsai
et al., 1998; Ziebold et al., 2001). Because E2F1 is a
member of a large family of related proteins, it is pos-
sible that the collective activity of the E2F family has a
general role in the regulation of apoptosis (Trimarchi
and Lees, 2002). Unfortunately, such a role is difficult
to investigate by using loss-of-function approaches be-
cause mice carrying mutations in multiple E2f genes
have severe developmental defects. Currently, it is not
feasible to genetically eliminate all E2F activity in mam-
mals and to examine the consequences. As a result,
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respond to apoptotic signals is not known.
Here, we have taken advantage of the relative sim-
plicity of the Drosophila E2F family. E2F-mediated con-
trol combines the functions of both activator and re-
pressor complexes. Flies contain just two E2F genes,
de2f1 and de2f2. dE2F1, a potent transcriptional activa-
tor, appears to be functionally analogous to the mam-
malian “activator” E2Fs (E2F1, E2F2, and E2F3) and is
controlled by RBF1 (Dynlacht et al., 1994; Ohtani and
Nevins, 1994; Du and Dyson, 1999). dE2F2, by contrast,
is a dedicated transcriptional repressor. dE2F2 acts
with either RBF1 or RBF2 and may provide functions
analogous to the mammalian “repressor” E2Fs, E2F4
and E2F5 (Frolov et al., 2001; Stevaux et al., 2002). Both
dE2F1 and dE2F2 require dDP to bind to DNA. No Dro-
sophila genes analogous to mammalian E2f6, E2f7, or
E2f8 have been found.
Mutations in de2f1 and rbf1 generate an imbalance
in E2F regulation that disrupts the normal control of cell
proliferation. Remarkably, and rather unexpectedly, the
complete elimination of E2F regulation, by either the
combined mutation of de2f1 and de2f2, or by mutation
of dDP, has less severe consequences (Royzman et al.,
1997; Frolov et al., 2001). de2f1;de2f2 and dDP mutants
develop to pupal stages without major developmental
defects. These mutants provide us with an opportunity
to study cellular processes that require E2F in a setting
in which patterns of cell proliferation appear to be rela-
tively normal.
There are several indications that the link between
E2F and apoptosis is conserved in Drosophila. dE2F1,
like mammalian E2F1, causes apoptosis when overex-
pressed and promotes the expression of proapoptotic
genes such as reaper and hac-1 (Asano et al., 1996; Du
et al., 1996; Zhou and Steller, 2003). Animals carrying
hypomorphic alleles of de2f1 have defects in nurse cell
dumping (Royzman et al., 2002), but since the complete
loss-of-function allele of de2f1 causes an early block in
development (Duronio et al., 1995), the full role of
dE2F1 cannot be examined by using simple null mu-
tants. Here, using dDP mutant animals as our starting
point, and taking advantage of the fact that de2f2 mu-
tants suppress the early larval lethality of de2f1 muta-
tion, we show that E2F is an important determinant in
the cellular response to DNA damage. Although E2F is
generally described as a proapoptotic factor, we find
that its role in vivo is more complex. In some cell types,
E2F/DP proteins promote DNA damage-induced apo-
ptosis. However, in other settings, dE2F1 is required to
protect cells against DNA damage-induced apoptosis.
We show that this protective function is mediated
through the transcriptional regulation of hid.
Results
Like many other cell types, cells in the imaginal wing
discs of Drosophila third instar larvae respond to γ irra-
diation-induced DNA damage by imposing a cell cycle
arrest. This arrest is evident in wing discs immuno-
stained with the anti-phospho-histone H3 antibody
(p-H3), an antibody that recognizes a histone modifica-
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wion that is abundant in mitotic cells (Figure 1). Prior
o irradiation, mitotic cells are present throughout the
eveloping disc. Irradiated cells arrest in G2/M, in re-
ponse to a DNA damage checkpoint; by 1 hr after irra-
iation, p-H3-positive cells are completely absent from
he disc. To visualize the onset of DNA damage-induced
poptosis, irradiated discs were stained with an anti-
ody specific for the activated form of mammalian Cas-
ase 3 (C3). Cells with activated caspases were first
vident 2 hr after irradiation, were maximal at 4 hr, and
eclined by 6 hr (Figure S1; see the Supplemental Data
vailable with this article online).
Interestingly, C3-stained cells were not randomly dis-
ributed in the wing disc, but arose in a pattern that
as reproducible between discs and at different doses
f radiation. C3 staining was highest in the wing pouch.
ouble staining with antibodies to proteins that are ex-
ressed in developmentally regulated patterns showed
hat C3-positive cells were excluded from the regions
f Wingless (Wg) or Delta (Dl) expression at the D/V
oundary. The D/V boundary is a characteristic zone of
onproliferating cells (ZNC) that separates the cells
f the disc that will form the dorsal and ventral surfaces
f the adult wing. To confirm that the C3 staining pat-
ern reflects the distribution of dying cells, irradiated
iscs were stained with TUNEL or Acridine Orange.
imilar results were obtained with each method (Figure
and data not shown). We infer that cells in the wing
isc have a predetermined, differential sensitivity to
NA damage-induced apoptosis.
To discover the role that E2F plays in this pattern, we
xamined dDP mutant discs. dDP is the only known
eterodimeric partner for dE2F1 and dE2F2, and inacti-
ation of dDP mimics the inactivation of both de2f
enes. After irradiation, p-H3 staining decreased in
DP mutant wing discs in a manner that was identical
o wild-type discs (Figure 1C). Hence, the lack of dDP
oes not impair the ability of the cells to sense or re-
pond to DNA damage. However, the pattern of C3-
tained cells in dDP mutant discs differs significantly
rom wild-type. In dDP mutant discs, the number of C3-
ositive cells was reduced, and these cells clustered at
he center of the wing pouch in a region that over-
apped the D/V boundary (Figure 1D). Similar results
ere obtained with TUNEL, or with Acridine Orange to
ark dying cells (Figure 1D and data not shown). Time
ourse experiments showed that apoptotic cells ap-
eared with similar kinetics in wild-type and dDP mu-
ant discs; the different locations of the apoptotic cells
n wild-type and mutant discs persisted throughout the
ime course (Figure S1). Thus, the pattern of apoptosis
een in the dDP mutant discs is different from wild-
ype discs, and this change is not due to a delay, or
cceleration, of a sequence of normal patterns.
The relative sensitivity of cells to DNA damage-
nduced apoptosis is influenced by cell proliferation
nd by cell cycle position. However, in wild-type control
ing discs, the patterns of cell death do not corre-
pond to the pattern of BrdU incorporation. While BrdU
s incorporated throughout much of the wing disc, the
3 staining pattern overlaps the regions of the wing
isc containing presumptive intervein cells. Double
taining with C3 and an antibody to dSRF (Blistered),
hich marks intervein cells, shows apoptotic cells lo-
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465Figure 1. The Pattern of DNA Damage-Induced Cell Death Is Abnormal in dDP Mutant Wing Discs
(A–D) w1118 or dDP mutant third-instar larvae were irradiated and kept at 25°C for the number of hours indicated. (A and C) Mitotic cells were
visualized by staining with an anti-phospho-histone H3 antibody (p-H3). (B and D) Apoptotic cells were identified by staining with an antibody
that recognizes the cleaved form of Caspase 3 (C3) or by TUNEL. Wing discs were costained with antibodies to Wg or Dl as indicated.cated almost entirely within the dSRF-expressing re-
gions of the wing pouch (Figure 2A). This suggests that
the sensitivity to DNA damage-induced cell death is in-
fluenced by signals that govern the patterning of the
wing. To test if the developmental signals involved in
the cell type specification influence the sensitivity to
DNA damage-induced cell death, we generated overex-
pression clones of Rasv12 and Notch intracellular do-
main (NIC) (Go et al., 1998). Activation of the Ras/Raf/
MAPK cascade is critical for the determination of wing
vein cells, and Notch is subsequently activated in in-
tervein cells adjacent to the provein region (De Celis,
2003). Rasv12-overexpressing clones were found to be
resistant to DNA damage-induced cell death, whereas
clones of NIC-expressing cells were highly sensitive to
DNA damage-induced apoptosis (Figure 2C).
The development of wing imaginal discs in dDP mu-
tants is indistinguishable from wild-type controls. The
ZNC that is seen at the D/V boundary of wild-type discs
forms normally in dDP mutants (Figure 2B). The expres-
sion patterns of developmentally regulated proteins
that are required for the normal specification of the
wing, such as Wg, Dl, and dSRF, are identical in dDP
mutant and wild-type discs (Figure S2). Unirradiated
dDP mutant discs lack any significant level of celldeath, as judged by TUNEL staining, Acridine Orange
staining, and C3 staining (Figure 1D and data not
shown). Although dDP mutant wing discs appear to
develop normally, despite lacking any dE2F/dDP het-
erodimers, they have very different patterns of DNA
damage-induced apoptosis. From this, we infer that the
differences between wild-type and mutant discs are not
simply due to changes in cell cycle distribution or to
changes in cell fate determination. Instead, dDP is a
key determinant of the relative sensitivity of wing disc
cells to DNA damage-induced apoptosis.
The pattern of apoptosis in irradiated de2f1;de2f2
double mutant wing discs was identical to that in dDP
wing discs (Figure 3A), confirming that the dDP mutant
phenotype is indeed due to the lack of E2F activity.
de2f2 null wing discs had a pattern of irradiation-
induced apoptosis that was identical to wild-type (Fig-
ure 3A), suggesting that dE2F2 is not important for this
phenotype. Null mutant alleles of de2f1 are lethal during
early larval development, and somatic clones of de2f1
mutant are too small to be informative. Consequently,
we examined the role of de2f1 by using viable hypo-
morphic alleles. de2f1i2 contains a premature stop co-
don that truncates the protein shortly after the dDP
binding domain (Royzman et al., 1997). The de2f1i2-
Developmental Cell
466Figure 2. Developmental Context Influences the Cellular Sensitivity to DNA Damage-Induced Apoptosis
(A and B) DNA damage-induced apoptosis occurs in intervein cells in wild-type discs, but it occurs in the D/V boundary region of dDP mutant
discs. Wing discs from w1118 and dDP larvae are shown. S phase cells were visualized with BrdU. w1118 and dDP third-instar larvae were
irradiated, and the patterns of cell death, pre- and postirradiation, were visualized with C3. Anti-dSRF was used to mark intervein and provein
regions of the wing discs.
(C) Discs containing flip-out clones of Rasv12 or Notch intracellular domain (NIC) were irradiated, and the level of cell death was visualized by
C3 4 hr after irradiation. The clones are marked by GFP expression. Note that C3 staining is absent from the Rasv12-expressing cells (in
clones generated in regions of the wing pouch that are normally sensitive to apoptosis) but is elevated in NIC-expressing cells (in clones
generated at the periphery of the disc that do not normally undergo apoptosis).encoded protein is able to bind to DNA, but it fails to
activate transcription or to interact with RBF1. Irradia-
tion of de2f1i2 mutant wing discs gave a pattern of DNA
damage-induced apoptosis that was similar to dDP and
de2f1;de2f2 discs: cell death was reduced in the in-
tervein region but increased at the D/V boundary, when
compared to wild-type (Figure 3A). This suggests that
d
i
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n
p
rE2F1 determines the sensitivity to DNA damage-
nduced cell death in wing discs. The idea that dE2F1,
positive regulator of cell proliferation, functions in
onproliferating cells at the D/V boundary cells is sup-
orted by the observation that dE2F1 is expressed at
elatively high levels in this part of the disc (Figure 3B).
Further evidence of a role for dE2F1 was provided by
dE2F1 Has Both Pro- and Antiapoptotic Functions
467Figure 3. The Pattern of Cell Death Induced by DNA Damage Is Altered by Mutations of dDP and de2f1, but Not by Mutation of de2f2
(A) de2f1;de2f2, de2f1i2, and de2f2 mutant third-instar larvae were irradiated. The patterns of cell death before and after irradiation were
observed in dissected wing discs stained with C3 and anti-dSRF antibodies.
(B) dE2F1 is expressed in the D/V boundary region. The pattern of dE2F1 expression was determined by comparing the staining pattern
obtained with an anti-dE2F1 antibody on w1118 and de2f1;de2f2 double mutant wing discs. Note that the strongest dE2F1 signal is at the
D/V boundary.a second hypomorphic allele of de2f1. de2f1su89 con-
tains a single point mutation in the RBF1 binding do-
main that compromises dE2F1’s interaction with RBF1.
The de2f1su89-encoded protein is able to activate tran-
scription, but, because it evades RBF1, it has greater
transcriptional activity than wild-type dE2F1 (Weng et
al., 2003). In de2f1su89 wing discs, we observed an in-
creased level of irradiation-induced cell death in the in-
tervein region and the appearance of apoptotic cells at
the D/V boundary (Figure 4A). This indicates that the
activation of E2F1-dependent transcription sensitizes
cells to apoptosis in both the intervein and provein re-
gions. The result also implies that RBF1 normally sup-
presses DNA damage-induced apoptosis in both re-
gions. We tested this by examining rbf1 mutant clones.Following irradiation, rbf1 mutant cells at the D/V
boundary undergo apoptosis, while wild-type cells do
not, confirming that the loss of RBF1 renders cells more
susceptible to DNA damage-induced apoptosis (Fig-
ure 4B).
The altered patterns of apoptosis observed in the
de2f1su89 and de2f1i2 wing discs provide strong evi-
dence that dE2F1 is an important determinant in the
cellular response to DNA damage. The patterns are
consistent with the idea that dE2F1/dDP-mediated ac-
tivation promotes apoptosis in the intervein region of
wild-type discs, and that this activity is opposed by
RBF1. In contrast, at the D/V boundary, dDP, dE2F1,
and RBF1 are needed to protect cells from DNA dam-
age-induced cell death.
Developmental Cell
468Figure 4. DNA Damage-Induced Cell Death Is Elevated When RBF1 Fails to Repress dE2F1
The effects of dE2F1 deregulation were examined by using de2f1su89, an allele with a point mutation in the RBF binding domain of dE2F1, or
by using rbf1 mutant clones.
(A) Third-instar de2f1su89 larvae were irradiated, and patterns of apoptosis were visualized by using C3 and anti-dSRF antibodies as described
in Figure 2.
(B) Irradiated mosaic wing discs containing rbf1 mutant clones. Note the elevated C3 staining in the rbf1 mutant clones (marked by the
absence of GFP).The evidence that dE2F1 sensitizes presumptive in-
tervein cells to apoptosis conforms to the well-estab-
lished view that E2F is a proapoptotic factor. At this
stage of development, presumptive intervein cells are
actively proliferating (see the BrdU patterns in Figure 1)
and are expected to have a high level of dE2F1-driven
transcription. The loss of dE2F1-mediated transcrip-
t
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oional activation in dDP mutant discs is evident in the
ramatic decrease in the expression of rnr2, a typical
ell cycle-dependent dE2F1-regulated gene (Figure
A). The decreased level of cell death in the presump-
ive intervein region of irradiated dDP mutant wing
iscs is most likely due to the decreased expression of
ne or more of dE2F1’s proapoptotic targets. Studies
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469Figure 5. hid Expression Is Deregulated at the D/V Boundary and Is Rate Limiting for DNA Damage-Induced Cell Death in dDP Mutant
Wing Discs
(A) In situ hybridization was performed on wing discs from w1118 and dDP third-instar larvae. Antisense sequences from rnr2, dcp-1, and hid
were used as probes. Note that hid expression is elevated in a spatially restricted manner in unirradiated dDP mutant discs, whereas
expression of rnr2 and dcp-1 is reduced throughout the disc. A zone of nonproliferating cells (ZNC) is indicated by a red bar. Two different
dDP wing discs are shown for comparison. Similar hid expression patterns were seen in all of the wing discs examined (19 wild-type and
32 dDP).
(B) Heterozygosity for hid suppresses DNA damage-induced cell death in dDP mutant wing discs. Larvae of the indicated genotypes were
irradiated, and the apoptosis was visualized as described above. Df(3L)x14 removes hid, and Df(3L)x38 removes sickle and reaper; CD4 is a
mutant allele of Apaf1.of mammalian E2Fs suggest that there may be many
such targets; indeed, we found that expression of dcp-1,
a Drosophila caspase, is reduced in unirradiated dDP
mutant wing discs compared to wild-type discs (Figure
5A). Currently, it is uncertain whether dE2F1 acts di-
rectly, or indirectly, at the promoters of proapoptic
genes like dcp-1.
In contrast, the increased sensitivity of cells at the
D/V boundary to DNA damage-induced apoptosis in
dDP and de2f1;de2f2 mutants is unexpected; this indi-
cates that the overall effect of E2F regulation protects
cells from apoptosis. We looked for proapoptotic genes
that are repressed by dE2F1 and misexpressed in dDP
mutant discs. During these experiments, we discovered
a very curious change in hid expression in dDP mutant
wing discs. HID is a key regulator of cell death in Dro-
sophila and functions by inactivating DIAP1 (reviewed
in Bergmann et al., 2003). In situ hybridization showed
that hid RNA is present at low levels in wild-type discs;
however, hid mRNA increased, specifically, at the D/V
boundary in dDP discs (Figure 5A). The pattern of ele-
vated hid expression resembled the distribution of DNA
damage-induced cell death in irradiated dDP mutantwing discs, but it occurred prior to irradiation, raising
the possibility that the sensitivity to apoptosis might be
due to a localized deregulation of hid expression.
To test whether the level of hid expression is func-
tionally relevant, the patterns of DNA damage-induced
cell death were examined in wing discs from wild-type
and dDP mutant larvae that were either wild-type or
heterozygous for hid. Reducing the gene dosage of hid
dramatically decreased cell death at the D/V boundary
of irradiated dDP mutant discs, but it had only a very
slight effect on apoptosis in wild-type discs (Figure 5B).
Similar results were obtained by using an independent
hid allele, hidP05014. To determine whether the genetic
interactions were specific, we examined the effects of
mutant alleles of other positive apoptotic regulators
that have previously been linked to E2F (Asano et al.,
1996; Zhou and Steller, 2003). The pattern of DNA dam-
age-induced apoptosis in dDP mutant discs was unaf-
fected by introducing a single copy of the darkCD4 al-
lele, a mutation in the Drosophila homolog of Apaf1, or
a single copy of Df(3L)X38, a deletion that removes the
proapoptotic genes reaper and sickle (Figure 5B). To-
gether these results suggest that a localized increase
Developmental Cell
470Figure 6. dE2F1 Is Recruited to Sequences Upstream of hid and Regulates hid Expression in S2 Cells
(A) hid RNA levels were measured by real-time PCR on RNA samples from S2 cells treated with control, dE2F1, or dE2F2 double-stranded
RNA. Averages were calculated from three independent experiments, each with triplicate samples. The error bars indicate the standard
deviation of the averages.
(B) The diagram shows the 5# region of the hid locus and the position of two putative E2F binding sites (open box), the best candidates in
the vicinity of the transcriptional start site (−2 kb to +1 kb). Note the large intergeneic region 5# of hid.
(C) ChIP shows that dE2F1 binds to genomic sequences upstream of hid. Chromatin bound dE2F1 and dE2F2 were immunoprecipitated with
specific antibodies from S2 cell extracts. Preimmune rabbit serum served as a negative control. The results of quantitative PCR reactions are
presented as the relative ratio between the input genomic DNA and the DNA from ChIP. The error bars indicate the standard deviation of the
averages of three independent PCRs, each with triplicate samples. Primers flanking either of the two putative E2F binding sites (indicated as
arrows in [B]) in the hid locus, a negative control from the rp49 gene, and a previously identified dE2F2 target gene (arp53) were used.
(D) Luciferase assays were performed with three reporter constructs: a wild-type PCNA promoter (PCNAwt-luc), a PCNA promoter construct
in which the E2F binding sites were mutated (PCNAE2Fmut-luc), and a construct in which the PCNA dE2F1 binding site were replaced by the
hid −1.4 kb dE2F1 binding site (PCNAE2Fhid-luc). These plasmids were cotransfected in S2 cells with increasing amounts of dE2F1 expression
vector (50–100 ng).
dE2F1 Has Both Pro- and Antiapoptotic Functions
471in the expression of hid sensitizes cells at the D/V
boundary of dDP wing discs to DNA damage-induced
cell death.
The ability of dE2F1 to repress hid expression is not
limited to the wing disc. RNAi-mediated depletion of
dE2F1 from S2 tissue culture cells increased the level
of hid RNA, but the removal of dE2F2 had no effect
(Figure 6A). ChIP was used to find out whether hid
might be a direct target of dE2F1. Examination of DNA
sequences upstream of the transcription start site of
hid revealed two motifs with homology to consensus
E2F binding sites (−165 bp and −1.4 kb), and PCR prim-
ers were designed to amplify these sequences (Figure
6B). rp49 was used as a negative control, and a pre-
viously described dE2F2 target gene, arp53, served as
a positive control for dE2F2. The relative levels of input
and immunoprecipitated DNA were quantified by real-
time quantitative PCR (Figure 6C). A minor enrichment
of genomic DNA was observed in dE2F1 immunopreci-
pitates when primers flanking the potential E2F binding
site at −165 bp were used, but a far greater enrichment
was seen with primers flanking the putative E2F binding
site 1.4 kb upstream of the hid transcriptional start site.
Consistent with the finding that the level of hid expres-
sion, and the pattern of DNA damage-induced apopto-
sis are dependent on de2f1, but not on de2f2, no en-
richment of hid was found in dE2F2 ChIPs. These
results suggest that hid is directly, and specifically, tar-
geted by dE2F1.
We wished to know whether the element at −1.4 kb
is a bona fide E2F binding site. Reporter constructs
generated by fusing small genomic fragments from the
hid locus to a reporter gene failed to reproduce the reg-
ulation of the endogenous gene, and this has precluded
any detailed analysis of the hid promoter. Partly be-
cause of this, and because hid mutants cannot be res-
cued by small genomic fragments, the hid promoter
seems likely to extend over a large region (Grether et
al., 1995). As an alternative approach, we asked if the
hid −1.4 kb motif could function as a dE2F1-responsive
element in the context of a heterologous promoter. For
this, we used the PCNA promoter, a well-studied target
of dE2F (Sawado et al., 1998; Thacker et al., 2003).
While the wild-type PCNA reporter construct (PCNAwt-
luc) responds to dE2F1 overexpression, a mutant repor-
ter construct (PCNAE2Fmut-luc) does not. When the
−1.4 kb hid sequence element was inserted in place of
the canonical E2F binding sites, the reporter was
strongly induced by dE2F1 (Figure 6D). To confirm that
this element can mediate regulation by endogenous
dE2F1/RBF proteins, reporters were assayed in cells
depleted of dE2F1 or RBF1 by RNAi. The reporter con-
taining the −1.4 kb hid sequence element decreased in
the absence of dE2F1, and it increased in the absence
of RBF1, just like the wild-type PCNA construct (Figure
6E). Thus, this element has the hallmarks of a functional
dE2F1 binding site.(E) S2 cells were treated with double-stranded RNA to dE2F1, RBF1, or a control prior to the transfection of the indicated reporter plasmids.
(F) Luciferase assays were performed with three reporter constructs: PCNAE2Fmut-luc, PCNAE2Fhid-luc, and a construct in which the hid
−1.4 kb dE2F1 binding site was placed 1.3 kb upstream of the PCNAE2Fmut-luc start site, hidE2F-PCNAmut-luc. These reporters were
cotransfected in S2 cells with 50–100 ng dE2F1 expression vector. Cells were harvested and assayed 48 hr after transfection. The error bars
on the luciferase assays indicate the standard deviation of the average from duplicate experiments.
or resistant to DNA damage-induced apoptosis? OurWhy, then, isn’t hid expression strongly induced by
dE2F1 in a cell cycle-dependent manner like other E2F
targets? At −1.4 kb, the E2F binding site is more distal
from the transcriptional start site than the sites de-
scribed in most E2F-regulated promoters. To test the
significance of this, we placed the hid −1.4 kb site a
similar distance upstream of PCNAE2Fmut-luc. At this
distance, the dE2F1 binding element failed to activate
transcription from the reporter, even when dE2F1 was
overexpressed (Figure 6F). Taken together these results
show that hid expression is repressed by dE2F1, that
dE2F1 binds to genomic sequences upstream of hid,
and that, although the binding site is a functional ele-
ment, it is likely to be too far removed from the tran-
scriptional start site to provide strong activation.
Discussion
The connection between DNA damage and E2F-depen-
dent apoptosis has a special significance because E2F
is deregulated in most tumor cells through lesions in
the pRB pathway, and many of the commonly used
treatments for cancer act by inducing DNA damage.
The proapoptotic potential of E2F is well docu-
mented. Overexpression of E2F1 induces apoptosis,
and a significant number of the proposed targets for
E2Fs are genes with proapoptotic functions. Moreover,
mammalian E2F1 is activated, specifically, in response
to DNA damage. It is a less well-publicized fact that the
lists of E2F-regulated genes discovered by microarray
studies include many genes with antiapoptotic proper-
ties. For example, the overexpression of E2F1 was
found to increase the expression of Bcl-2, TopBP1, and
Grb2—genes that have been shown to suppress apo-
ptosis in other studies (Muller et al., 2001; Chaussepied
and Ginsberg, 2004; Liu et al., 2004).
Here, we have taken advantage of the substantial de-
velopment of dDP and de2f1;de2f2 mutant animals to
examine the net contribution of E2F regulation to the
DNA damage response. Because of the size of the
mammalian E2F family, this type of genetic analysis
would be very difficult to carry out in mammalian cells,
and the results reveal how the complete elimination of
E2F function influences the cellular response to DNA
damage response in vivo. The results demonstrate that
E2F/DP proteins are, indeed, critical determinants of
the cellular response to DNA damage. Surprisingly,
however, the role that E2F/DP plays is completely con-
text dependent. In vivo, E2F/DP proteins vary from
being strongly proapoptotic in some cells to being
strongly antiapoptotic in others. One wonders whether
the tissue culture systems that are often used to study
E2F-induced apoptosis adequately reflect this com-
plexity.
What determines whether E2F makes cells sensitive
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472Figure 7. dE2F1 Proteins Determine Sensitiv-
ity to DNA Damage-Induced Cell Death in a
Context-Dependent Manner
Several studies have shown that activator
E2Fs, like E2F1 and dE2F1, promote the tran-
scription of proapoptotic genes. In Drosoph-
ila, dE2F1 activates the expression of the
proapoptotic genes reaper and dcp-1, al-
though, currently, it is unknown whether
dE2F1 acts directly at these targets, or in-
creases the transcription of these genes in-
directly. In presumptive intervein cells, the
ability of dE2F1 to activate expression of
proapoptotic genes makes these cells sensi-
tive to DNA damage-induced apoptosis.
dE2F1 and dDP repress hid, most likely in
association with RBF1, and limit the level of
hid expression in the D/V boundary. Since
dE2F1 binds to the hid promoter, hid is most
likely a direct target of dE2F1 regulation, but
we do not exclude the possibility that dE2F1
also has indirect effects on hid expression.
In the absence of the dE2F1/dDP complex,
a spatially restricted activator, “X,” activates
hid transcription and promotes cell death.
Because hid is a critical regulator of apopto-
sis, the net effect of E2F in the D/V boundary
is to protect cells against apoptosis.results suggest that a combination of factors are in-
volved. Interestingly, the cells that are most sensitive to
DNA damage-induced apoptosis in wild-type discs,
and in which dE2F1/dDP is strongly proapoptotic, are
actively proliferating. Conversely, the apoptotic cells
seen in irradiated dDP and de2f1i2 mutant wing discs
are centered on a region of nondividing cells, indicating
that the antiapoptotic function of E2F occurs largely in
cells that are under cell cycle arrest. However, these
differential sensitivities are not simply an indirect effect
of cell cycle position, because they are changed in dDP
mutant discs, even though the distribution of cycling/
noncycling cells is the same as in wild-type discs.
At first glance, these differences would seem to fit
a model in which dE2F1/dDP complexes promote the
expression of proapoptotic genes in proliferating cells,
but combine with RBF1 to repress the same targets in
arrested cells. Although this model is appealing, it can-
not be the full explanation. Cells are actively proliferat-
ing throughout the wing disc, but dE2F1/dDP only sen-
sitizes a spatially restricted subset of cells to DNA
damage-induced apoptosis. Moreover, the ZNC does
not completely correspond to the pattern of cells with
activated caspases in dDP mutant discs. In addition to
cell cycle-dependent fluctuations in E2F activity, clearly
there must be additional, developmentally regulated
signals that heighten or lessen the cellular sensitivity to
dE2F1/dDP-induced apoptosis. Notch and Ras signal-
ing pathways appear to be likely candidates for this.
The cells with the highest sensitivity to DNA damage-
induced apoptosis in the wild-type wing disc are situ-
ated in a region in which Notch signaling is high and
Ras signaling is low. Clonal experiments show that Ras
signaling protects cells against DNA damage-induced
apoptosis and that Notch signaling promotes apopto-
sis. It has previously been shown that Ras signals can
suppress HID activity by both transcriptional inhibition
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snd at the level of posttranslational modification (Berg-
ann et al., 1998; Kurada and White, 1998), but pre-
isely how Notch signals affect E2F-dependent apo-
tosis is unclear. Future studies are needed to discover
hether the Notch- and Ras-mediated signals alter the
rogram of E2F transcription, or whether these path-
ays converge with E2F on the apoptotic machinery.
One of the major difficulties in studying the biological
unctions of E2F is that E2F complexes affect the ex-
ression of a large number of genes and can act in a
ariety of different ways. It is difficult to assess the
verall role of E2F regulation in a given process by
tudying an individual E2F gene, or a single E2F target.
he rate-limiting targets for E2F function most likely
ary from context to context, and they may not always
e the usual suspects. In the D/V boundary of the de-
eloping wing disc, in which E2F/DP complexes protect
rom DNA damage-induced apoptosis, E2F/DP proteins
re needed specifically to limit the expression of hid.
emarkably, the loss of E2F/DP leads to an upregula-
ion of hid in this one part of the disc. This change oc-
urs prior to irradiation, and it alters the cellular sensi-
ivity to DNA damage. We found no apoptosis in
nirradiated dDP mutant wing discs, implying that the
hange in hid expression in the dDP mutant wing disc
s not, by itself, sufficient to induce apoptosis. The ele-
ated hid expression is clearly important, because re-
ucing the gene dosage of hid almost completely elimi-
ated DNA damage-induced apoptosis in dDP mutant
iscs, but not in wild-type discs.
What is the connection between dE2F1 and hid?
ince dE2F1 binds to sequences upstream of the hid
ranscription start site, the transcription of hid is most
ikely reduced by the direct action of E2F complexes.
revious studies in mammalian cells have shown that
2F1 can directly repress transcription of some E2F1-
pecific targets (Croxton et al., 2002a, 2002b), although
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understood. The dE2F1 binding site upstream of hid
has two interesting features that may be significant.
First, unlike most dE2F-regulated promoters that have
been examined to date, this binding site is bound spe-
cifically by dE2F1, but not by dE2F2 (Dimova et al.,
2003). This specificity fits with the genetic evidence
that de2f1, rather than de2f2, is important for protection
from DNA damage-induced apoptosis, and it may ex-
plain why hid is not generally repressed by dE2F2 com-
plexes. A second curious feature is that the dE2F1
binding site upstream of hid is surprisingly distal from
the transcription start site. In most E2F-induced pro-
moters, E2F binding sites are typically within 500 bp of
the transcriptional start site. The position of the E2F1
binding site in the hid promoter, at −1.4 kb, may be part
of the reason why hid differs from other dE2F1 targets
and is not activated in a cell cycle-dependent manner.
We note that the pattern of hid expression that sensi-
tizes cells to apoptosis in dDP mutants occurs in the
absence of E2F regulation; therefore, dE2F1 does not
directly contribute to the pattern itself, but it presuma-
bly serves to interfere with another transcription factor
(Factor X in Figure 7) that is specifically active within
this region. As the hid promoter is largely uncharac-
terized, we do not exclude the possibility that dE2F1
may act through additional sites or that it may also re-
press hid expression via an indirect mechanism. In or-
der to test this model, it will be necessary to identify
the factors that control hid expression in vivo.
Figure 7 illustrates a simple model for the context-
specific effects of dE2F1. In the intervein region, dE2F1
increases the expression of proapoptotic genes. In do-
ing so, dE2F1 helps set a level of sensitivity for DNA
damage-induced apoptosis, and this threshold is re-
duced when dE2F1 or dDP are removed. At the D/V
boundary, dE2F1/dDP complexes are also needed,
most likely in conjunction with RBF, to limit the expres-
sion of hid. When E2F regulation is removed, the in-
crease in hid expression outweighs the changes in ex-
pression of other E2F targets, making cells more
sensitive to apoptosis.
If E2F’s contribution to the DNA damage response
varies in mammalian cells as much as it does in Dro-
sophila, then this would have implications for the use
of general E2F inhibitors that are currently under devel-
opment. These results suggest that a global inhibitor of
E2F activity, or even a specific inhibitor of activator
E2Fs, may have the unintended consequence of mak-
ing some normal cell types very sensitive to DNA dam-
age-induced apoptosis.
Experimental Procedures
Drosophila Strains
dDP mutants: dDPa2/dDPa4
de2f1;de2f2 double mutants: de2f1729;de2f276q1/de2f191;de2f2g5
de2f2 mutants: de2f276q1/de2f2329;p[mpp6]
de2f1i2 mutants: de2f1i2/de2f1729 and de2f1su89
To distinguish genotypes at the third instar larval stage, stockswere maintained with balancers containing act-GFP or Tubby larval
markers. To generate rbf1 mutant clones, the rbf1D14 mutant chro-
mosome was recombined with a FRT19A chromosome. rbf1D14,
FRT19A/FM7 virgin females were crossed with GFPubi,FRT19A;
enGal4,UAS-FLP males. rbf1D14 mutant clones were identified in
wing discs by the lack of a GFP signal. A hid deletion allele, X14,
and a P element insertion allele, hidP05014, were used to generate
flies heterozygous for hid. darkCD4 (Rodriguez et al., 1999) was re-
combined with dDPa4 to test the effects of hac-1 haplo-insuffi-
ciency; Df(3L)X38 removes reaper and sickle.
Irradiation
Wandering third instar larvae were exposed to 40 Gy of γ-ray by
using Cs-137 as the source of irradiation. After 4 hr at 25°C, wing
discs were dissected, fixed, and stained. In each experiment, a
minimum of ten larvae was analyzed. Similar effects were seen in
each set of discs examined.
BrdU Labeling and Acridine Orange Staining
Wing discs were dissected from third instar larvae into Schneider’s
medium and incubated in medium containing 0.2 mg/ml BrdU for
30 min at room temperature. Discs were fixed with 4% formalde-
hyde for 30 min at 4°C, and DNA was denatured with 2 N HCl.
BrdU-incorporated nuclei were visualized by immunocytochemistry
with anti-BrdU (Becton Dickinson). For Acridine Orange staining,
wing discs were dissected in PBS, incubated in PBS plus 1 g/ml
Acridine Orange for 5 min, washed with PBS three times for 5 min,
and visualized by fluorescence microscopy.
Immunocytochemistry and In Situ Hybridization
Antibodies were obtained from the following sources: anti-Wing-
less (Developmental Studies Hybridoma Bank, DSHB), anti-p-H3
(Up-State Bio), anti-C3 (Cell Signaling), anti-Delta (DSHB), anti-
dSRF (Active Motive), anti-dE2F1 (a gift from Carole Seum). In each
figure, we have shown discs that represent the typical response of
the genotype. The immunostaining protocol is provided in Supple-
mental Data. For in situ hybridization, samples were prepared as
described (Du, 2000), and DIG-labeled antisense RNA probes were
detected by an anti-DIG antibody conjugated with alkaline phos-
phatase.
RNAi Treatment and Quantitative PCR
RNAi treatments of S2 cells were performed as described pre-
viously (Dimova et al., 2003; Frolov et al., 2003). After treatment,
total RNA was prepared with TRIzol (Invitrogen). Reverse transcrip-
tion PCR (RT-PCR) was performed with PE Applied Biosystems Taq
Man Reverse Transcription reagents, according to the manufactur-
er’s instructions. Real-time PCR was performed with an ABI prism
7700 Sequence Detection system. Relative levels of specific
mRNAs were determined by using SYBR Green I detection chemis-
try (Applied Biosystems; Foster City, CA) and were quantified by
using the comparative CT method. Rp49 was used for normaliza-
tion. Primers (see Supplemental Data) were designed with Primer
Express 1.0 software (Applied Biosystems; Foster City, CA).
ChIP
DNA sequences were retrieved from FlyBase (http://flybase.bio.
indiana.edu/), and potential E2F binding sites were located by
using PERL script with the sequence NWTSSCSS. ChIP was per-
formed as described in Dimova et al., 2003 and Frolov et al., 2003.
Coprecipitated DNA sequences were detected by real-time quanti-
tative PCR.
Reporter Assays
PCNA wild-type promoter reporter plasmid (PCNAwt-luc) and a
mutated control (PCNAE2Fmut-luc) have been described pre-
viously (Sawado et al., 1998). PCNA-hidE2F-luc, in which the hid
E2F site replaces E2F sites in the PCNA promoter, was generated
by site-directed mutagenesis. hidE2F-PCNAmut-luc was generated
by PCR of lambda phage sequences with a primer carrying the hid
E2F binding site. Amplified sequences were inserted 5# to
PCNAE2Fmut-luc. Transient transfection assays were carried out
Developmental Cell
474as described in Dynlacht et al., 1994. Luciferase and β-galactosi-
dase were assayed by standard methods.
Supplemental Data
Supplemental Data including oligonucleotide sequences used in
this paper and a detailed immunostaining protocol are available at
http://www.developmentalcell.com/cgi/content/full/9/4/463/DC1.
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